In a two-stage compression CO 2 trans-critical cycle, application of a combined scroll expander-compressor unit has been considered in order to improve the cycle COP. For the combined scroll expander-compressor unit, power was recovered from a scroll expander which replaced the expansion valve and transmitted to the first stage auxiliary compressor which was directly coupled to the expander through a common crankshaft. Numerical simulation on its performance showed that for the suction pressure of 3.5MPa, discharge pressure of 10MPa with expander inlet temperature of 35 o C, the main compressor input could be reduced by 12.1% by the expander output. Increase in the cooling capacity by the expander was 8.6%. As a consequence, COP improvement of the cycle was estimated to be 23.5% by the application of this expander-compressor unit. COP improvement increased with lowering the expander inlet temperature, but decreased with increasing the suction pressure. Performance of the scroll expander was relatively insensitive to changes of operating pressure ratio, whereas that of the scroll compressor decreased rapidly as the operating pressure ratio became far from the design pressure ratio.
INTRODUCTION
Since CO 2 has favorable environmental properties and it is inflammable and nontoxic, it is regarded as one of the most promising natural fluids for substituting for HCFCs and HFCs. One of the major drawbacks in using CO2 for air-conditioning or heat pump applications is the low system efficiency. It has been reported, however, that if the throttling loss associated with expansion process can be recovered in CO 2 cycles, the CO 2 systems could become competitive with systems using other refrigerants. One way of doing this is to make the expansion process isentropic rather than isenthalpic. Some have proposed using expander for such purpose (Nickl et al, 2003; Zha et al, 2003; Fukuta et al, 2003; Preissner, 2001 ; Westphalen and Dieckmann, 2004) . Basically, since an expander can be understood as a compressor run in reverse, various types of compression mechanisms have been considered to be adopted for CO 2 expander: reciprocating, rolling piston rotary, vane rotary, and scroll types. Nickl et al(2003) developed a series of reciprocating expander-compressor units. About 30% of COP improvement was reported in an experimental CO 2 refrigeration loop equipped with their first generation expander-compressor when it was in the so-called full-pressure mode. Rolling piston type expander was studied by Zha et al(2003) . For the reciprocating and rolling piston types, however, control of valve openings was needed to ensure proper operation. Vane rotary type expander was considered by Fukuta et al(2003) . They set up a mathematical model to examine the performance of a vane rotary expander. Total expander efficiency was calculated to be around 40% at about 2000rpm, bringing in 20% COP improvement. Testing of expander prototype at slightly smaller pressure ratio showed total expander efficiency of 43%. Preissner(2001) carried out theoretical analysis on the effects of scroll type expander use in air conditioning systems on the system performance: About 40-65% COP improvement could be obtained in CO 2 system, but only one third of that improvement was found in R134a system. In testing of scroll expander prototype, internal leakage in expansion chambers was found critical to the scroll expander performance. Westphalen and Dieckmann(2004) performed scroll expander design for 10.5kW CO 2 air conditioning system. They estimated that about 20% of the compressor input for the CO 2 system could be reduced by using the designed expander. In this study, a combined scroll expander-compressor unit has been designed as a means of recovering the throttling loss in a two-stage compression trans-critical CO 2 cycle and its performance has been analytically investigated over ranges of operating pressures and the expander inlet temperature. Expansion valve is replaced by the expander which is directly coupled to the first-stage compressor via a common shaft. P-h diagram of this system is illustrated in Fig.2 . Isentropic expansion along the line 3-4s is assumed to take place and the refrigerating effect is increased by s h ∆ compared with that of isenthalpic process of the line 3-4. The first stage compressor driven by the expander output raises the gas pressure from s P (P 1 ) to P 1a along the line 1-1a. Horizontal line 1a-2a indicates inter-stage cooling between the first and second stage compressors. In this study, 5 o C was assumed for the inter-stage cooling. A schematic of the scroll expander-compressor unit is illustrated in Fig.3 . The CO2 coming out of the gas cooler enters into the expander inlet through the suction pipe(⑥), runs the orbiting scroll(②), while expanding in the expander chambers, and exits into the evaporator through the discharge pie(⑦). Torque produced by the orbiting scroll operation is transmitted to the compressor side via the crank shaft(⑤). The CO2 from the evaporator outlet enters into the compressor suction manifold through the suction pipe(○ 16 ). Gas is compressed in the compression chambers formed between the fixed and orbiting scrolls(⑪,⑫), and discharged through the discharge pipe(○ 17 ) into the second stage compressor, which is the main compressor for this case.
Expander side
Since expansion mode can be obtained by operating a scroll compressor in reverse, the discharge volume of a scroll compressor can be regarded as the suction volume for the corresponding scroll expander. The suction and discharge volumes of a scroll expander are given by the following equations, respectively. 
For the CO 2 trans-critical cycle with the expander-compressor unit as in Fig.2 , the cooling capacity is related to the displacement volume of the scroll expander. 
Discharge volume 4s V is obtained from the built-in volume ratio of the expander, . V R , which can be related to the CO 2 densities at the inlet and outlet of the expander. (5), (6), (7) Journal bearing 
, and L is the power produced by the CO 2 expansion in the expansion chambers.
Compressor side
Discharge pressure of the first stage compressor depends on the power output of the expander. The power required to raise the pressure from s P to 1a P is given by the following equation.
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In other words, the built-in pressure ratio of the first stage compressor, 1 / a s P P , is determined by the expander output. Since the mass flow rate of the compressor is the same as that of the expander, the displacement volume of the first stage compressor is given by the following equation. 
Discharge volume of the first stage compressor 1a V is obtained from the built-in pressure ratio. 
The displacement and discharge volumes of the scroll compressor are related to the scroll wrap configuration factors as before for the expander. 
The volumetric, isentropic, mechanical, and total efficiencies of the compressor are defined by the following equations, respectively. (13), (14), (15) 
Determination of the scroll configuration factors
Typical pressure and temperature conditions for heat pump water heater CO 2 cycles are shown in Table 1 . For For the cooling capacity of 36,000 Btu/hr as a design requirement at the given operating conditions, the mass flow rate was 0.063kg/s with the initially assumed values of the efficiencies. The discharge pressure of the first stage compressor was estimated to be P 1a = 4.24 MPa. With these determined values together with the relations mentioned above, scroll configuration factors for the expander and compressor were determined as in Table 2 .
NUMERICAL SIMULATION

Expander
For isentropic expansion, the pressure in an expander chamber can be obtained if the density m ρ in the chamber is known. 
Here subscripts up and dn denote upstream and downstream sides of the leakage clearance, respectively. Flow coefficient v c was predetermined and data based over wide ranges of pressure and clearance by comparing the mass flow rate of ideal nozzle flow to that of Fanno flow. Gas forces are obtained from the gas pressure distribution in the expansion chambers. Enthalpy h and the fraction of vapor x are obtained as functions of pressure only along a constant entropy line:
As the CO 2 expands in the expander, the orbiting scroll is driven by the tangential component of the gas force produced in the expansion chambers. The tangential gas force tg F , torque T generated by the gas expansion, and the corresponding power L are written by the equations (21)- (23), respectively. Dynamics for the moving elements are to be solved to give friction losses at sliding surfaces. Eleven equations of force and moment balances on the orbiting scroll, Oldham-ring and sliding bush are set up with eleven unknowns: tangential and radial components of the orbiting scroll hub reaction, flank sealing force, four reactions at the Oldham-ring keys, reaction position from the thrust surface to the orbiting scroll base plate, and magnitude and arm of crank pin reaction (Kim et al, 1998) . Journal bearing load at the crank shaft needs to be solved simultaneously with that of the compressor side. Boundary lubrication was assumed at the thrust surface, wrap flank and Oldhamring keys, and hydrodynamic lubrication for the rest of the sliding surfaces. Friction coefficient was assumed 0.03 at the thrust surface, and 0.013 at the other boundary lubrications; for journal bearing, it was obtained as a function of Sommerfeld number and the bearing length to diameter ratio. Shaft output is given by
Compressor
Pressure in a compression chamber is calculated by
Leakage in the compression chamber was also taken into account for the mass calculation in the compression chamber. The rest of the modeling for the compressor section is similar to that of the expander.
RESULTS AND DISCUSSION
For the operating conditions shown in Table 1 , computer simulation has been made on the performance of the expander-compressor unit. The scroll clearance was assumed to be 8 m µ for both the wrap tip and the flank.
Calculation results of the performance improvement for the CO 2 cycle due to the application of the expandercompressor unit were summarized in Table 3 . While the system COP without the unit was 2.538, that of the system equipped with the unit was 3.134, resulting in the COP improvement of 23.5%. Increase in the refrigerating effect due to the isentropic expansion was 8.6% and reduction in the main compressor input due to the auxiliary compressor operation was 12.1%. Efficiencies of the expander and the coupled auxiliary compressor were listed in Table 4 . Total efficiencies were 54.43% and 85.61% for the expander and the compressor, respectively. Mechanical efficiency of the expander was quite lower than that assumed at the design stage. It is mainly because of the large axial gas force developed in the expansion chambers. Fig.4 shows the pressure change in the expansion chamber. The pressure decrease began to occur even before the end of the suction process due to leakage through scroll wrap clearance. Before crossing the saturation line the pressure decrease was very steep, and it became slow afterward. Fig.5 shows P-V diagram of the auxiliary compressor. Over-compression took place in the initial stage of the discharge process. The expander output was not large enough to build the discharge pressure designated at the design stage for the first stage compressor. Fig.6 shows the influence of the suction pressure on the pressure changes of the expander and compressor: When P s was lower than the design suction pressure for the expander, under-expansion was encountered near the end of the expansion process. Over-expansion occurred for higher P s than the design suction pressure. For the compressor side, η increased with increasing P s : It is due to decrement of the pressure force acting on the thrust surface. As a consequence, total efficiency showed a mild increment for the expander and a rather rapid drop for the compressor with increasing P s . Fig.8 shows the influence of P d on the pressure changes of the expander and compressor: As P d increased, the pressure decrease became slower in the two-phase region. For the compressor, more power input was transmitted from the expander with increasing P d , resulting in reducing over-compression loss. Effects of changing P d on the expander and compressor efficiencies are shown in Fig.9 η also increased with increasing P d : It is because increasing rate of the expansion power by running orbiting scroll was larger than that of the mechanical loss as P d increased. All these yielded to increasing total efficiencies of the expander and compressor, although e η of the expander increased very slowly. Fig.10 shows the effects of the suction pressure, discharge pressure, and the inlet temperature of the expander on the relative COP improvement of the cycle by using the expander-compressor unit.
ratio COP in the ordinate indicates the ratio of COP of the system with the expander-compressor unit to that of the system without the unit. As P s increased from 3.0MPa to 4.5MPa, the relative COP improvement decreased from 27.5% to 17.4%. The effect of P d on the relative COP improvement was not large. Also the inlet temperature of the expander 3 t had quite an influence on the relative COP improvement: It increased from 20.7% to 24.3% as 3 t increased from 20 o C to 40 o C. 
CONCLUSIONS
In an analytical study on the COP improvement of a two-stage compression CO 2 trans-critical cycle by the application of a combined scroll expander-compressor unit, Conceptual design of the combined scroll expander-scroll compressor unit has been made. Performance analysis has been carried when the compressor of the unit was used as the first stage compressor. At the design operating condition, the total efficiency of the expander was calculated to be 54.4%, and that of the compressor was 85.6% with the scroll wrap clearance of 8 m µ . COP improvement by the use of this unit was 23.5%. Expander efficiency could be increased by reducing expansion chamber area, which could be done with increasing wrap height. The compressor efficiency decreased rapidly when the operating pressure ratio became far from the built-in pressure, whereas the expander efficiency was rather insensitive to pressure changes. Relative COP improvement decreased from 27.5% to 17.4% as the suction pressure increased from 3Mpa to 4.5Mpa, while the effect of the discharge pressure changes was not large. Also the inlet temperature of the expander had quite an influence on the relative COP improvement. 
NOMENCLATURE
